Adiponectin and miR-133a are key regulators in cardiac hypertrophy. However, whether APN has a potential effect on miR-133a remains unclear. In this study, we aimed to investigate whether APN could regulate miR-133a expression in Angiotensin II (Ang II) induced cardiac hypertrophy in vivo and in vitro. Lentiviral-mediated adiponectin treatment attenuated cardiac hypertrophy induced by Ang II infusion in male wistar rats as determined by reduced cell surface area and mRNA levels of atrial natriuretic peptide (ANF) and brain natriuretic peptide (BNP), also the reduced left ventricular end-diastolic posterior wall thickness (LVPWd) and end-diastolic interventricular septal thickness (IVSd). Meanwhile, APN elevated miR-133a level which was downregulated by Ang II. To further investigate the underlying molecular mechanisms, we treated neonatal rat ventricular myocytes (NRVMs) with recombinant rat APN before Ang II stimulation. Pretreating cells with recombinant APN promoted AMP-activated protein kinase (AMPK) phosphorylation and inhibited ERK activation. By using the inhibitor of AMPK or a lentiviral vector expressing AMPK short hairpin RNA (shRNA) cancelled the positive effect of APN on miR-133a. The ERK inhibitor PD98059 reversed the downregulation of miR-133a induced by Ang II. These results indicated that the AMPK activation and ERK inhibition were responsible for the positive effect of APN on miR-133a. Furthermore, adiponectin receptor 1 (AdipoR1) mRNA expression was inhibited by Ang II stimulation. The positive effects of APN on AMPK activation and miR133a, and the inhibitory effect on ERK phosphorylation were inhibited in NRVMs transfected with lentiviral AdipoR1shRNA. In addition, APN depressed the elevated expression of connective tissue growth factor (CTGF), a direct target of miR-133a, through the AMPK pathway. Taken together, our data indicated that APN reversed miR-133a levels through AMPK activation, reduced ERK1/2 phosphorylation in cardiomyocytes stimulated with Ang II, revealing a previously undemonstrated and important link between APN and miR-133a.
Introduction

Materials and Methods
Reagents and chemicals
DMEM and bovine calf serum were purchased from Gibco Co. (Carlsbad, CA, USA). Compound c, Ang II and PD98059 were obtained from Sigma-Aldrich (St Louis, MO, USA). Recombinant rat adiponectin was purchased from Biovision Co. (Palo Alto, USA).
Experimental Animals
For lentiviral vector-mediated gene transfer in rat, wild-type male Wistar rats were treated with either a lentiviral vector expressing APN (2 × 10 8 TU) or with a negative control virus delivered through the jugular vein 3 d before infusion with Ang II. Ang II infusion was performed using subcutaneously implanted osmotic mini-pumps (200 ng/kg/min) for four weeks as described [29] . The animals were divided into non-treated or Ang II treated groups. The control animals were implanted with sterile saline pumps. On days 7, 14, 28, rats were anesthetized with an intraperitoneal injection of 3% pentobarbital sodium (70 mg/kg). Prior to sacrificing, blood samples were collected into tubes containing potassium EDTA and centrifuged at 2,500 g for 10 min at 4°C to separate the plasma. The heart was removed immediately following euthanasia and rinsed with 0.9% saline (4°C) and collected for further study.
Echocardiography of rat
The rats were anesthetized lightly using sodium pentobarbital (70mg/kg). The animals were imaged in the left lateral decubitus position using a Visual Sonics Vevo 770 machine equipped with a 30 MHz high frequency transducer. Images were captured from M-mode, two-dimensional (2-D), pulsewave (PW) Doppler. All measurements of nuclear magnetic resonance were calculated by the same observer based on the average of six consecutive cardiac cycles [30] .
Hematoxylin and eosin (H&E) staining and determination of cell surface area
Myocardial tissues were cut in a cross-section, fixed in 4% paraformaldehyde solution, and embedded in paraffin for tissue sections. Hematoxylin and eosin (H&E) staining was performed to facilitate quantification of cardiomyocyte. Images were captured using a bright field microscope (Olympus BX53 microscope) and were then analyzed for cell size using Image Pro Plus 7.0 software. The data shown represent analyses from three independent experiments. The surface area of cells from each group (100-200 cells / group) was determined and compared with the control group.
Analysis of mRNA and miRNA expression by real-time PCR
Total RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer's specifications. cDNA was synthesized from 1 μg of RNA with a PrimeScript RT reagent kit with gDNA Eraser (Takara). Real-time PCR amplification reactions were performed with SYBR Premix Ex Taq kit with ROX (Takara) in triplicate using the ABI Prism 7900 Real-Time PCR machine. Gene expression was measured by the ΔΔCT method and was normalized to β-actin mRNA levels. The data are presented as the fold change in the expression of the gene of interest relative to the control groups. The primer sequences used were as follows: atrial natriuretic peptide (ANF) forward, 5-GGGGGTAGGATTGACAGGAT-3 and reverse, 5-GGAT CTTTTGCGATCTGCTC-3; and brain natriuretic peptide (BNP) forward, 5-GCTGCTTT GGGCAGAAGATA -3' and reverse, 5-GGAGTCTGCAGCCAGGAGGT -3; β-actin forward, 5-CGTTGACATCCGTAAAGACC -3 and reverse, 5-TAGAGCCACCAATCCACACA -3. For the miR-133a real-time PCR, we used a miRCURY LNA™ Universal RT microRNA PCR kit (Exiqon). Template RNA was adjusted to 5 ng/μl. cDNA synthesis was performed according to the manufacture's instruction. The miR-133a and U6 expressions were evaluated by real-time PCR using the ABI PRISM 7900 Sequence Detection System. The miR-133a expression level was normalized to U6 expression following the ΔΔCT method. All real-time experiments have been repeated four times.
Primary culture of neonatal rat ventricular myocytes (NRVMs)
NRVMs were prepared as previously described [31] . Briefly, 1-to 3-day-old Wistar rats were anesthetized with isoflurane and ventricles were minced and digested in phosphate buffered saline (PBS) containing 200 U type II collagenase and 0.4% horse serum for three cycles. The cells were then centrifuged and suspended in Dulbecco's modified Eagle's medium containing 5% fetal bovine serum and 8% horse serum. A single 1.5 h preplating step was used to further remove non-cardiomyocytes. Non-cardiomyocytes attached readily to the bottom of culture dishes. The unattached myocytes were plated at 1×10 5 cells/ml in the same medium as above and supplemented with 0.1 mM 5-Bromo-2-deoxyUridine (BrdU). Cells were placed in a serum-free medium for 24 h before experiments. NRVM identity was confirmed by morphological examination and by staining with an anti-sarcomerica-actin antibody. Most (>95%) of the cells were identified as NRVMs.
[3H]-leucine incorporation assay
NRVMs were seeded into 24-well plates at a density of 5×105 cells/ml, with 0.5 ml in each well. NRVMs cultured in24-well plates were serum-deprived for 24 h and then incubated with AngII or vehicle and [3H]-leucine (3.7×104 Bq/ml) for 48 h. Plates were then placed on ice, quickly washed three times with 1 ml ice-cold phosphate-buffered saline (PBS), incubated for 10 min with 1 ml trichloroacetic acid, and washed with 1 ml absolute methanol. Precipitates were solubilized for 30 min in 0.5 ml of 0.3 M NaOH-1% SDS at room temperature. The cell lysates were harvested, transferred to glass-fiber filter paper, and subjected to drying at 42°C. The radioactivity (cpm/cell) of the cells was measured by the use of a liquid scintillation counter (LS6500, Beckman Coulter, Brea, CA, USA).
Lentiviral infection of NRVMs
ShRNAs targeting rattus norvegicus AMPKα2 catalytic subunit (5'-GCTGACTTCGGACTC TCTA -3') and AdipoR1 (5' -CGTCTACTGTTCAGAGAA-3') were synthesized and cloned into pLKO.1-puro (Sigma-Aldrich, USA) to generate the lentiviral expression vectors, which were then transfected into 293 T cells with packaging plasmids pCMV-VSV-G and pC MV-dR8.2. Viral supernatant was harvested 48 h after transfection and the titer was detected. ShRNAs targeting 5'-TTCTCCGAACGTGTCACGT -3') served as negative control. NRVMs were infected with recombinant adenovirus at the indicated multiplicity of infection and incubated for 72 h before experiments.
Western blot analysis
Western blotting and quantification of the abundance of relative proteins were performed as described previously [32] . Briefly, cells were lysed in protein lysis buffer (1% SDS, 25 mM TrisHCl (pH 7.5), 4 mM EDTA, 100 mM NaCl, 1 mM PMSF, 10 mg/ml leupeptin and 10 mg/ml soybean trypsin inhibitor). The protein concentration of the lysates was determined using the Coomassie Brilliant Blue protein assay. NRVM protein extracts (20 μg) were loaded on 12% SDS polyacrylamide gels, subjected to electrophoresis, and transferred to a nitrocellulose membrane. The membranes were incubated with anti-CTGF, anti-pAMPK (Thr 172), anti-AMPK, anti-ERK, anti-pERK (Thr 202 / Tyr 204), (Cell Signaling) or anti-β-actin antibodies (Santa Cruz Biotechnology) (1:1,000 dilution). The indicated proteins were detected with a horseradish peroxidase-conjugated IgG. The band intensity was quantified using Quantity One software (Bio-Rad, USA) and normalized to β-actin levels.
Paraffin section immunohistochemistry
Samples were fixed in 4% formaldehyde in PBS (pH 7.2) and, after dehydration, embedded in paraffin wax and processed for immunohistochemical analysis of CTGF. Sections (5 mm thick) were cut and subsequently hydrated. Slides were incubated in hydrogen peroxide (3%) for 15 min at room temperature to quench the activity of endogenous peroxidase and then blocked with normal goat serum and anti-rat CTGF antibody (GeneTex, 1:500 diluted). Immunoreactivity was visualized using diaminobenzidine (DAB), a peroxidase substrate. The negative control omitted the primary antibody.
Statistical Analysis
The data are presented as the mean ± SD. The statistical analysis of differences between two groups was assessed with the unpaired t-test, and the differences among more than three groups were assessed by one-way analysis of variation (ANOVA) followed by a Bonferroni's tests for post hoc analysis and multiple comparison tests with Prism Software version 5.0 (GraphPad Software, San Diego California USA). Data presented in S1 File were analyzed by two-way repeated-measures ANOVA. The figures were processed with Adobe Photoshop software. The mean values were derived from at least three independent experiments. Differences with a p < 0.05 were considered statistically significant.
Results
Lentiviral vector-mediated APN overexpression attenuates AngIIinduced cardiac hypertrophy
To assess cardiomyocyte hypertrophy in vivo, we performed echocardiography to assess ventricular wall thickness, and determined left ventricle weight to body weight (LVM/body weight) and the expression of the specific markers ANF and BNP, on days 7, 14, 28 after Ang II infusion (200 ng/kg/min) in Wistar male rats. The results showed that Ang II infusion for 14 days promoted cardiac hypertrophy, and became much more significant for 28 days as shown in S1 File. (Fig 1A and 1B) . Meanwhile, the increase of LVM/body weight, mRNA expression of ANF and BNP were inhibited by 57.14%, 86.03%, 82.22% respectively in LV-APN group (Fig 1C-1E ). In addition, the protective role of APN in Ang II induced hypertrophy was also confirmed by echocardiography (Fig 2A) . The increase of LVPWd and IVSd induced by ang II infusion were decreased by 44.9% and 58.82% respectively in LV-APN group (Fig 2B and 2C) . The left ventricular ejection fraction (LVEF) was not affected (Fig 2D) . These results demonstrated that lentiviral-mediated APN supplemention attenuated the Ang IIinduced cardiac hypertrophy responses.
APN reversed miR-133a downregulation by Ang II
MiR-133a is downregulated in cardiac hypertrophic responses. However, whether APN modulates miR-133a expression is unknown. Here, we show that MiR-133a was reduced by 54.12% in Ang II infused heart tissue compared with that in the control rats, whereas lentiviral overproduction of APN attenuated the miR-133a reduction by 69% (Fig 3A) . In vitro, APN also alleviated cardiomyocyte hypertrophy as shwn in Fig 3B-3D . Ang II (100 nM) treatment for 24 h in NRVMs induced a 106.7% elevation in the cellular incorporation of [3H]-leucine, which were significantly decreased by 2.5 or 5μg/ml recombinant rat APN pretreatment for 2 h (Fig 3B) . The expressions of ANP and BNP mRNA were significantly increased by 160% and 86% (P < 0.01) with Ang II stimulation, whereas recombinant rat APN pretreatment markedly reduced the increased mRNA expression (P < 0.01) (Fig 3C and 3D) .
To determine the effect of Ang II on miR-133a expression, NRVMs were stimulated with 50, 100, 200, 500 nM Ang II for 24 h, or with 100 nM Ang II for 3, 6, 12, 24, 48 h. The results showed that miR-133a was repressed significantly in a dose and time-dependent manner in NRVMs stimulated Ang II (S3 File). Recombinant rat APN pretreatment (5 μg/ml) markedly attenuated the miR-133a reduction caused by Ang II (100 nM) stimulation for 24h (Fig 3E) .
APN reversed the miR-133a reduction in the Ang II mediated hypertrophic response via the AMPK pathway AMPK plays a key role in adiponectin-mediated cardiovascular protection [33] . However, whether miR-133a upregulation by APN occurred through the AMPK pathway was not known. We next sought to examine whether the positive effect of APN on miR-133a was mediated by AMPK. As shown in Fig 4A, Ang II stimulation decreased AMPK phosphorylation, while incubation with recombinant APN significantly activated AMPK in NRVMs. Pretreatment of compound c (20 μM) for 3 h, which was an inhibitor of AMPK, antagonized the effect of APN on AMPK activation. To further test whether AMPK activation was responsible for miR-133a regulation by APN, we determined the miR-133a level in NRVMs following the treatments indicated in Fig 4B. The results demonstrated that as an activator of AMPK, APN increased miR-133a level which was suppressed by Ang II. The AMPK inhibitor compound c (20 μM) weakened the effects of APN, and 30 μM compound c canceled the effect of APN on miR-133a. To further confirm the effect of AMPK on miR-133a expression, a lentiviral vector expressing AMPK short hairpin RNA (shRNA) was constructed and infected into NRVMs. Interference efficiency was determined by real-time quantitative PCR (S4 File). NRVMs transduced with lentiviral AMPK shRNA canceled the effect of APN on miR-133a, indicating that APN may regulate miR-133a through the AMPK pathway (Fig 4) . In addition, mir-133a also decreased significantly while using the AMPK inhibitor compound c or lentiviral AMPK shRNA alone, suggesting an important effect of AMPK pathway on miR-133a expression.
APN upregulated miR-133a levels through inhibiting ERK1/2 phosphorylation
A large body of evidence has supported an important role of the ERK1/2 kinase in the development of cardiac hypertrophy [34] [35] [36] . However, whether ERK1/2 involved in APN mediated regulation of miR-133a in cardiac hypertrophy is unknown. Thus, we next detected whether APN prevented the downregulation of miR-133a through the ERK1/2 pathway. First, we determined ERK phosphorylation after stimulation with 100 nM Ang II in NRVMs for different time (S5 File). The results showed that Ang II stimulation increased the ERK phosphorylation levels significantly in NRVMs and the peak time was 12 h. AngII (100 nM) treatment for 10 min in NRVMs induced a 112.3% elevation in the ERK phosphorylation levels. APN (5 μg/ml) pretreatment for 2 h reversed these changes (Fig 5A) . An AMPK inhibitor, compound c (30 μM), cancelled the effect of APN on the ERK phosphorylation. When pretreating NRVMs with the ERK1/2 inhibitor PD98059 (30 μM) for 1 hour before stimulation with Ang II, we observed that miR-133a expression increased significantly compared with the Ang II treatment group (Fig 5B) . These results indicated that APN reversed the miR-133a downregulation induced by Ang II by ameliorating ERK1/2 phosphorylation. In addition, by using the ERK1/2 inhibitor PD98059 alone could also elevate the miR-133a level, suggesting that ERK1/2 may involve in the regulation of miR-133a in heart. We also detected the ERK phosphorylation level in LV-APN transfected rat with or without Ang II treatment, the results were consistent with that observed in vitro (S6 File).
AdipoR1 was responsible in mediating the adiponectin signals
Two types of adiponectin receptors (AdipoRs), AdipoR1 and AdipoR2, mediate most effects of adiponectin [37] . To determine which receptor was responsible for the effect of APN on miR133a in Ang II induced cardiac hypertrophy, we firstly detected AdipoR1 and AdipoR2 mRNA expression in NRVMs stimulated with Ang II. The results showed that the expression of AdipoR1 mRNA was significantly decreased by 57.33% under Ang II stimulation (Fig 6A) . Expression of AdipoR2 had no change upon incubation with AngII (S7 File). To further investigate whether AdipoR1 was responsible in mediating APN signals, a lentiviral vector expressing AdipoR1 shRNA was constructed and infected into NRVMs. Interference efficiency was determined by real-time quantitative PCR (S8 File). The positive effect of APN on AMPK phosphorylation and miR-133a, and inhibitory effect on ERK phosphorylation was dramatically attenuated in NRVMs transfected with lentiviral AdipoR1 shRNA (Fig 6B-6D) . APN suppressed increased CTGF expression caused by Ang II CTGF is a direct target of miR-133a [10] . Thus, we determined whether APN could affect expression of CTGF. As displayed in Fig 7A, CTGF increased in the Ang II infused heart and was attenuated in the lentiviral-APN transfected heart. Treatment with 100 nM Ang II for 24 h significantly increased CTGF expression in NRVMs (Fig 7B) . Pretreatment with APN (5 μg/ ml) diminished the increase of CTGF. The AMPK inhibitor compound c cancelled the effect of APN. These results suggest that APN may inhibit CTGF expression through the AMPK pathway.
Discussion
Recently, miRNAs have gained attention due to their key roles in physiological or pathological conditions. In previous studies, miR-133a was found to be specifically expressed in cardiac and skeletal muscle and proved to play a key role in skeletal and cardiac muscle development and function. Its aberrant expression has been linked to many diseases including cardiac hypertrophy [38] , cardiac fibrosis [39] , muscular dystrophy [40] , heart failure [41] , and cardiac arrhythmia [42, 43] . According to TargetScan prediction results, there are hundreds of mRNAs targeted by miR-133a. Thus, a network of genes can be subject to coordinated and simultaneous regulation by miR-133a. A change in the pattern of miRNAs expressed in a cardiomyocyte can generate genome-wide remodeling of gene expression and consequently induce hypertrophy [44] . According to the previous studies, a few factors have been identified involved in the regulation of miR-133a, such as serum response factor (SRF) [45] , MEF2 [46] and IP3 doi:10.1371/journal.pone.0148482.g007 [42] . Here, we show for the first time that APN could attenuate the downregulation of miR133a induced by Ang II through AMPK activation, reduced ERK1/2 phosphorylation, revealing a previously undemonstrated and important link between APN and miR-133a.
AMPK is a metabolite-sensing protein kinase, which represents the mammalian form of the core component of a kinase cascade. It has been determined that APN functions to induce AMPK signaling in many cell types, such as skeletal muscle, liver, adipocytes, endothelial cells and NRVMs [17, [47] [48] [49] [50] . However, whether AMPK is involved in the regulation of miR-133a is unknown. Our results show that APN upregulates miR-133a through AMPK activation. By using compound c, which is a inhibitor of AMPK, cancelled the APN's effect. These results indicated AMPK was an important mediator in the regulation of miR-133a.
In the present study, we show that APN reversed the downregulation of miR-133a stimulated by Ang II through the AMPK and ERK1/2 pathway in NRVMs. In S-H Zhao's study, a new feedback loop between miR-133 and the ERK1/2 signaling pathway involving an exquisite mechanism for regulating myogenesis was revealed in C2C12 (Mouse myoblast cell line) cells [6] . In their study, downregulation of ERK1/2 phosphorylation by miR-133 was detected. Furthermore, miR-133 expression was also negatively regulated by the ERK1/2 signaling pathway. These results were consistent with our study in the heart. CTGF was shown to be a direct target of miR-133a in the previous study [10] . Thus, a large number of CTGF may act as a miRNA "sponge" and modulate the derepression of miRNAs in turn. In our study, APN inhibited the increased CTGF expression induced by Ang II, which may be one reason for the modulation of miR-133a and the protection role of APN. According to these results, we speculate that APN may also affect other miR-133a target proteins in the heart, which need further investigation.
Adiponectin is a circulating adipose-derived cytokine that has been reported to exert an anti-hypertrophy effect in different cardiac hypertrophy models [15, 17] . MiR-133a also plays a protective role in cardiac hypertrophy. Knockdown of miR-133a was sufficient to induce cardiac hypertrophy [8] . However, transgenic expression of miR-133a inhibited myocardial fibrosis and improved diastolic function without affecting the extent of hypertrophy in pressureoverloaded adult hearts [51] . Thus, we speculate that APN plays a protective role in myocardial partly through its positive effect on miR-133a.
Conclusions
In summary, this study shows for the first time that APN reverses miR-133a level which is downregulated by Ang II through AMPK activation, reduced ERK1/2 phosphorylation in cardiomyocytes, revealing a previously undemonstrated and important link between APN and miR-133a. These data may provide new evidence for the regulation of miR-133a.
Supporting Information S1 File. Continuous Ang-II infusion results in cardiac hypertrophy. The left ventricular end-diastolic posterior wall thickness (LVPWd) (Fig A) , and end-diastolic interventricular septal thickness (IVSd) (Fig B) and Left ventricular weight index (LVW/BW) were increased induced by Ang II (Fig C) . ANF (Fig D) and (Fig E) BNP mRNA level was elevated by Ang II. The mRNA expression was calculated as fold induction compared to the control 7d group Plasma APN was decreased by Ang II infusion (Fig F) (DOCX)
